A Lagrangian fluid model ͑cold plasma, fixed ions͒ is developed for analyzing the coupling between electron plasma waves. This model shows that a small wave number electron plasma wave ( 2 ,k 2 ) will strongly affect a large wave number electron plasma wave ( 1 ,k 1 ), transferring its energy into daughter waves or sidebands at ( 1 ϩn 2 ,k 1 ϩnk 2 ) in the lab frame. The accuracy of the model is checked via particle-in-cell simulations, which confirm that the energy in the mode at ( 1 ,k 1 ) can be completely transferred to the sidebands at ( 1 ϩn 2 ,k 1 ϩnk 2 ) by the presence of the electron plasma mode at ( 2 ,k 2 ). Conclusive experimental evidence for the generation of daughter waves via this coupling is then presented using time-and wave number-resolved spectra of the light from a probe laser coherently Thomson scattered by the electron plasma waves generated by the interaction of a two-frequency CO 2 laser with a plasma.
I. INTRODUCTION
As is well known, an unmagnetized plasma can support two types of longitudinal waves: ion acoustic waves and electron plasma waves. If both waves are present together in a plasma, the ion acoustic wave can transfer energy from the electron plasma wave into shorter-wavelength electron plasma waves via quasiresonant mode coupling. This effect has been explained theoretically 1 and seen in laser-plasma experiments. 2 In this paper we describe a different type of interaction between plasma waves that is independent of ion motion, the coupling between two simultaneously excited electron plasma waves having very different wave numbers. 3 A Lagrangian model is presented that shows that the presence of a long-wavelength electron plasma wave, at frequency and wave number ͑ 2 , k 2 ͒, phase and amplitude modulates a short-wavelength electron plasma wave at ( 1 ,k 1 ), transferring energy from the short-wavelength wave into sidebands shifted by the frequency and wave number of the longwavelength wave at ( 1 ϩm 2 ,k 1 ϩmk 2 ). This is confirmed by particle-in-cell ͑PIC͒ simulations, which show that the presence of the long-wavelength wave can lead to complete elimination of the initial short-wavelength wave in the lab frame. Conclusive evidence of this generation of daughter waves via the coupling between laser-excited electron plasma waves is then presented using time-and wave number-resolved Thomson scattering measurements of the electron plasma wave spectra. Besides being of fundamental interest, this coupling has implications for laser fusion and in plasma based particle accelerators.
II. LAGRANGIAN WAVE COUPLING THEORY
The density perturbations associated with a single electron plasma wave at frequency and wave number ( 1 ,k 1 ) contain harmonic components at (l 1 ,lk 1 ) in the lab frame. The amplitude of these harmonics relative to the fundamental was determined for a cold plasma by Jackson 4 by first solving the wave equations in Lagrangian coordinates where the equations are linear and thus have no harmonic components. The analytic expression for the amplitude of the density perturbations associated with these harmonics was then obtained through a transformation of these waves into the lab frame giving an amplitude for the harmonics of
in the limit ␦n l Ӷ1. Here the density perturbations associated with the plasma wave are written in the form n e ϭn 0 [1ϩ͚ lϭ1 ϱ ␦n l cos(l 1 tϪlk 1 z)], where n 0 is the initial plasma density and n l is the normalized amplitude of the lth harmonic.
In the presence of a second electron plasma wave at frequency and wave number ( 2 ,k 2 ) sidebands occur at (l 1 ϩm 2 ,lk 1 ϩmk 2 ) in the lab frame. As will be shown, the density perturbations associated with the sidebands at ␦n( 1 ϩm 2 ,k 1 ϩmk 2 )/n 0 in the case where k 2 Ӷk 1 can be very large, larger than the density perturbations associated with either of the two initial plasma waves. The longwavelength k 2 wave modulates the short-wavelength k 1 wave transferring energy into the sidebands, as shown in Fig.  1 . In Figs. 1͑a͒ and 1͑b͒ the density modulations due to 30% amplitude waves at wave number k 2 and k 1 ϭ10k 2 are shown. The nonsinusoidal shape of these waves is due to the harmonic content described above. As shown in Fig. 1͑c͒ , when both waves are present in the plasma together, the elec- tron displacements caused by the long-wavelength wave k 2 modulate the phase and amplitude of the density perturbations from the short-wavelength wave, which leads to largeamplitude sidebands. In Lagrangian coordinates, however, the equations for both plasma waves are linear, and thus the two plasma waves are separable and no sidebands exist. By following Jackson's procedure 4 of solving the wave equations in Lagrangian coordinates and then transforming back into the lab frame, one can accurately model the coupling effects between the two electron plasma waves in a cold plasma.
In Lagrangian coordinates, the general position of an electron z is written as zϭz 0 ϩ, where z 0 is the initial electron position and ϭ 1 ϩ 2 is the perturbation due to the two plasma waves. The restoring force on the electrons is ϪeE, where Eϭ4en 0 ( 1 ϩ 2 ) from Gauss' law. The equation of motion is then m ‫ץ‬ 2 z/‫ץ‬t 2 ϭϪ4n 0 e 2 ( 1 ϩ 2 ), or ‫ץ‬ 2 ( 1 ϩ 2 )/‫ץ‬t 2 ϭϪ p 2 ( 1 ϩ 2 ). Relativistic corrections have been neglected here as they are of higher order than the coupling effects. This is a simple harmonic oscillator equation with solutions that can be written as 1,2 ϭ⑀ 1,2 sin͑ 1,2 ͒/k 1,2 , where ⑀ 1 and ⑀ 2 are the dimensionless amplitudes of the two waves in the Lagrangian frame, 1,2 ϭk 1,2 z 0 Ϫ 1,2 t, and 1 ϭ 2 ϭ p . The density perturbations can be calculated from the electron displacement using the equation
Lagrange's implicit function theorem can then be used to determine the density perturbations in the lab frame by eliminating z 0 ͑contained in 1,2 ͒ in Eq. ͑2͒, resulting in the infinite series
Of particular interest is the effect of an electron wave with a small wave number, k 2 , on a large wave number, k 1 , wave. This can be seen by expanding Eq. ͑3͒ to third order under the assumption k 1 ӷk 2 for ⑀ 2 k 1 /2k 2 Ӷ1:
͑4͒
Since the phase velocity of a wave of a given frequency is inversely proportional to its wave number, v ph ϭ/k, the small wave number, k 2 , wave will be referred to as the ''fast wave'' and the k 1 wave as the ''slow wave'' throughout this paper. Equation ͑4͒ indicates that unlike the harmonics of a single wave, which are typically small compared to the fundamental, the amplitude of the daughter waves can be as large or larger than the slow wave for a fast wave amplitude ⑀ 2 Ϸ2k 2 /k 1 . The fast wave amplitude at which this occurs can be very small; for instance, ⑀ 2 ϭ2k 2 /k 1 ϭ2% if the ratio between the wave numbers of the fast and slow waves is 100. For laser-plasma interactions, this wave number ratio would correspond to the plasma waves associated with forward and backward stimulated Raman scattering in a plasma density of n 0 /n crit Ϸ(2k 2 /k 1 ) 2 ϭ4ϫ10 Ϫ4 . As is evident in Eq. ͑4͒, the amplitude of the slow wave is reduced by this coupling while the fast wave is unaffected. Physically, this is because the displacement of the electrons by the fast wave can be on the order of the wavelength of the slow waves, but the displacement of the electrons by the slow wave is negligible compared to the wavelength of the fast wave. In fact, based on Eq. ͑4͒ the primary slow wave at ( 1 ,k 1 ) should be completely eliminated in the lab frame at 1Ϫ[⑀ 2 k 1 /(2k 2 )] 2 ϭ0 or ⑀ 2 ϭ2k 2 /k 1 . However, Eqs. ͑3͒ and ͑4͒ break down at ⑀ 2 ϭ2k 2 /k 1 because the infinite series becomes nonconvergent. Thus, these conclusions must be checked numerically.
III. NUMERICAL TRANSFORMATION
To accurately explore the domain where the sidebands are larger than the primary waves and the infinite series in Eq. ͑3͒ is nonconvergent, a numerical transformation is made from the Lagrangian frame into the lab frame. This is accomplished by solving for z 0 (z) for all z iteratively by letting 2 and then replacing z 0 (z) with z 0 Ј(z) until z 0 Ј(z) converges to z 0 (z). This numerical transformation makes no assumptions about the amplitudes or wave numbers of the two primary waves. To determine the coupling effects, a slow (k 1 ) and fast (k 2 ) electron plasma wave of equal amplitudes ⑀ 1 ϭ⑀ 2 in the Lagrangian frame with relative wave numbers k 1 ϭ10k 2 are numerically transformed into the lab frame. The resulting (,k) spectrum and relative amplitudes of the waves is shown in Fig. 2 . The amplitude of the primary and coupled waves in the lab frame are plotted in Figs. 2͑b͒ and 2͑c͒ as a function of the amplitude of the waves in the Lagrangian frame over the range ⑀ 1 ϭ⑀ 2 ϭ0.0 to 0.4. As predicted by the infinite series, the amplitude of the primary fast wave at k 2 is unaffected while the energy from the primary slow wave at FIG. 1. Phase and amplitude modulation of short-wavelength wave (k 1 ) by long-wavelength wave (k 2 ): ͑a͒ Density perturbation across one wavelength of wave with amplitude 30% and wave number (k 2 ). ͑b͒ Density perturbations across ten wavelengths of wave with amplitude 30% and wave number (k 1 ϭ10k 2 ). ͑c͒ Density perturbations across one wavelength of k 2 wave when both waves are present. k 1 is strongly coupled into daughter modes at ( 1 ϩm 2 ,k 1 ϩmk 2 ). In these plots, although the daughter waves become larger than the primary slow wave, they never reach the amplitude of the fast wave. However, in the case where the Lagrangian slow wave amplitude is larger than the fast wave, the density perturbations associated with the daughter waves can be larger than both the fast and slow primary waves in the lab frame. The effect on the slow wave by the fast wave is large enough that the slow wave is completely eliminated in the lab frame by the fast wave at ⑀ 1 ϭ⑀ 2 ϭ0.24. This is close to the estimate based on the infinite series that predicts this effect at ⑀ 2 ϭ0.2. For the ratio between the wave numbers of the fast and slow waves mentioned earlier of k 1 ϭ100k 2 , complete elimination of the slow wave in the lab frame occurs for a fast wave with a small amplitude of only ⑀ 2 ϭ2.4%.
As this is Lagrangian theory, it does not take into account warm plasma effects. The primary effects of a nonzero temperature will be a shift in 1 and 2 from p based on the Bohm-Gross equation 2 ϭ p 2 ϩ3k 2 th 2 , where p is the plasma frequency, th is the thermal velocity of the electrons, and is the resonant frequency of the plasma. In addition, a finite temperature may lead to Landau damping of the low phase velocity plasma waves, particularly the daughter wave near zero frequency given as cos͑ 1 Ϫ 2 ͒ in Eq. ͑4͒. Whether the near zero frequency wave will be Landau damped is not clear, as it exists in the lab frame but not the Lagrangian frame. The near DC electric fields associated with this daughter wave are also important on the ion time scale, as they can couple directly to ion acoustic waves. These ion acoustic waves can then further perturb the electron plasma waves, leading to the quasiresonant mode coupling mentioned in the Introduction.
IV. SIMULATIONS
To check the accuracy of the Lagrangian theory and its application to a warm plasma, the results were reproduced with fully relativistic 1-D electromagnetic particle-in-cell ͑PIC͒ simulations using the code WAVE. 5 Slow and fast electron plasma waves at wave numbers k 1 ϭ10 p /c and k 2 ϭ p /c were excited at a frequency Ϸ p using periodic longitudinal forces of the form FϭF 1 ϩF 2 , where F 1,2 ϭ(0.01/k 1,2 )sin(w p tϪk 1,2 z). In the simulations, the ions were immobile and k 1 D was 0.1. The time evolution of the amplitudes of the driven modes ͑k 1 and k 2 ͒ and the coupled modes is shown in Fig. 3 . Lines ͑1͒ and ͑2͒ in Fig. 3͑a͒ show the growth of the fast and slow wave, respectively, when the other wave is not present, i.e., when only F 1 or F 2 is applied to the plasma. The waves initially have a secular growth rate of 0.01 p Ϫ1 /2, as expected from a resonantly driven oscillator. 6 As the wave amplitudes increase, their growth rates decrease slightly because of the frequency mismatch between each driver, and wave caused by relativistic and thermal effects. This decrease is particularly evident for the slow wave because of the significant mismatch between the driving frequency p and the natural Bohm Gross frequency of this mode. The amplitude of the slow and fast waves when both waves are driven together is shown in Fig. 3͑b͒ . As expected from the Lagrangian results, the fast ( 2 ,k 2 ) wave is unaffected by the presence of the slow wave, and thus its amplitude as a function of time in this case ͓Fig. 3͑c͒, line ͑1͔͒ is the same as when the slow wave is not driven ͓Fig. 3͑b͒, line ͑1͔͒. Line ͑2͒ in Fig. 3͑c͒ shows the evolution of the primary slow wave at ( 1 ,k 1 ) in the presence of the fast wave, i.e. when both the fast and slow waves are driven. As predicted by the Lagrangian results, the amplitude of the slow wave is greatly reduced by the presence of the fast wave. Note how   FIG. 2 . Amplitudes of waves in the lab frame assuming an equal amplitude of fast and slow wave electron plasma waves in the Lagrangian frame with a wave number ratio k 1 ϭ10k 2 . ͑a͒ A (,k) diagram of plasma waves of interest in the lab frame: ͑1͒ fast wave ( 2 ,k 2 ), ͑2͒ primary slow wave ( 1 ,k 1 ), ͑3͒ coupled wave ( 1 ϩ 2 ,k 1 ϩk 2 ), ͑4͒ ( 1 ϩ2 2 ,k 1 ϩ2k 2 ) wave, ͑5͒ ( 1 Ϫ 2 ,k 1 Ϫk 2 ) wave, ͑6͒ ( 1 Ϫ2 2 ,k 1 Ϫ2k 2 ) wave. ͑b͒ Amplitude of fast ͑1͒ and slow ͑2͒ waves in the lab frame as a function of the fast wave amplitude in the Lagrangian frame. ͑c͒ Amplitudes of the coupled waves as a function of the Lagrangian fast wave amplitude:
wave, ͑4͒ ( 1 ϩ2 2 ,k 1 ϩ2k 2 ) wave, ͑5͒ ( 1 Ϫ 2 ,k 1 Ϫk 2 ) wave, and ͑6͒ ( 1 Ϫ2 2 ,k 1 Ϫ2k 2 ) wave.
FIG. 3.
Amplitudes of primary and coupled waves in a lab frame as a function of time from PIC simulations: ͑a͒ Amplitude of waves without coupling: ͑1͒ fast wave amplitude when the slow wave is not driven, ͑2͒ slow wave amplitude when the fast wave is not driven. ͑b͒ Amplitudes of primary fast ͑1͒ and slow ͑2͒ waves when both are driven together. ͑c͒ Amplitudes of coupled waves present when fast and slow waves are both driven: ͑3͒ ( 1 ϩ 2 ,k 1 ϩk 2 ) wave, ͑4͒ ( 1 ϩ2 2 ,k 1 ϩ2k 2 ) wave, ͑5͒ ( 1 Ϫ 2 ,k 1 Ϫk 2 ) wave, and ͑6͒ ( 1 Ϫ2 2 ,k 1 Ϫ2k 2 ) wave, ͑7͒ the wave amplitude that contains the same energy as the total combined energy in the primary and coupled slow waves ͑2͒-͑6͒, effectively the slow wave amplitude necessary in the Lagrangian frame to generate the primary and coupled slow waves seen in the lab frame.
closely the amplitude of this wave follows the Lagrangian prediction shown in line ͑2͒ of Fig. 2͑b͒ , dropping to zero amplitude at the same fast wave amplitude of ⑀ 2 ϭ0.24.
The amplitude of the coupled slow waves is shown in Fig. 3͑c͒ . The behavior of these waves is quite similar to the Lagrangian results up to ⑀ 2 ϭ0.24, although the amplitudes of the ( 1 Ϫ 2 ,k 1 Ϫk 2 ) and ( 1 Ϫ2 2 ,k 1 Ϫ2k 2 ) waves ͓lines ͑1͒ and ͑2͔͒ are reduced somewhat, possibly by Landau damping of the ( 1 Ϫ 2 ,k 1 Ϫk 2 ) wave, which has a frequency near 0 p and thus a very slow phase velocity. The most significant difference between the amplitudes of the slow waves in the Lagrangian result and the simulations occurs after the slow wave amplitude has dropped to zero amplitude. The reason for this discrepancy is that the Lagrangian results, Fig. 2 , assume a linearly increasing slow wave amplitude in the Lagrangian frame. In the simulations, the slow wave is driven by a uniform pump, which leads to a nearly linearly increasing amplitude ͓line ͑2͒, Fig. 3͑b͔͒ when no fast wave is present. However, the presence of the fast wave effectively decouples the slow wave and its driver, leading to a reduced slow wave amplitude in the Lagrangian frame. In fact, as shown by Eq. ͑4͒, the phase of the slow wave is shifted by 180°after its amplitude drops to zero at ⑀ 2 ϭ0.24, and thus the driver should actually remove energy from the slow wave for ⑀ 2 Ͼ0.24. The total amplitude of the slow wave in the simulations in the Lagrangian frame can be approximated by summing the energy from the slow wave and sidebands at ( 1 Ϫm 2 ,k 1 Ϫmk 2 ). This amplitude, plotted in line ͑7͒ of Fig. 3͑c͒ , does indeed reach a maximum near ⑀ 2 ϭ0.24 and decrease thereafter. As there is some damping in the PIC simulations, the peak is actually slightly before ⑀ 2 ϭ0.24. This effective quenching of the slow wave by the presence of a fast wave is important as it means that a slow wave will have difficulty growing in the presence of a fast wave.
V. EXPERIMENTS
To experimentally demonstrate the electron plasma wave coupling, we excite two electron plasma waves with a wave number ratio k 1 /k 2 ϭ70. This is done in the following manner: A short but intense laser pulse containing two frequencies a,b with associated wave numbers k a,b is fired into a plasma, such that the frequency difference is a Ϫ b Ϸ p . This resonantly excites through the process of collinear optical mixing a plasma oscillation with a relativistic phase velocity ͑fast wave͒ at the resonant frequency 2 Ϸ p and wave number k 2 ϭk a Ϫk b Ϸ p /c, the difference in the wave numbers of the two laser modes. 6 Two slow-wave modes at ( 1a ,k 1a ) and ( 1b ,k 1b ) are also excited via a three-wave parametric process, the stimulated Raman backscatter instability ͑SRS͒, 7 when the laser pulse exceeds the instability threshold. The wave numbers of these modes are close to twice the wave numbers of the two laser modes, i.e., k 1 a,b Ϸ 2k a,b Ϫ p /c. There is little coupling between the two slow waves, as they have similar wave numbers. However, the fast wave, with a wave number k 2 
In the experiment, where the fast and slow waves are driven by collinear optical mixing and SRS, respectively, the amplitudes of the daughter modes will be modified by coupling to both the laser and possibly stimulated Brillouin scattering ͑SBS͒. 7, 8 In addition, the modes near zero frequency may be ion or electron Landau damped. Thus, we expect to reproduce in the experiment the frequency and wave number spectra of the coupled modes only in a qualitative sense.
The experimental setup has been described in detail elsewhere. 9 Briefly, a CO 2 laser operating on two lines, 10.29 and 10.59 m, first creates the plasma by tunneling ionization of static gas, 140 mTorr H 2 , and then drives the fast and slow plasma waves, as discussed above. The laser has a peak intensity of about 2ϫ10 14 W/cm 2 divided roughly equally between the two lines. The resonant plasma density is Ϸ8.5ϫ10 15 cm
Ϫ3
. The laser has a rise time of Ϸ100 ps and full width at half-maximum ͑FWHM͒ pulsewidth of Ϸ300 ps. Collective Thomson scattering of a probe laser is used to measure the plasma density fluctuations associated with the slow wave and coupled waves. The incident angle of the 2 ns ͑FWHM͒, 50 MW, 0.53 m optical probe laser beam is chosen to k match to the k 1 a Raman backscatter mode. The coupled slow waves (k 1 ϩnk 2 ) also appear on the Thomson scattering diagnostic, but scatter less efficiently, as they have a k mismatch relative to the probe laser of Ϸnk 2 . Thus, although both the primary Raman mode and coupled modes are visible on this diagnostic, it is difficult to make absolute comparisons of the relative amplitudes of the modes. To gain the maximum information about the modes, the frequency spectrum of scattered light is resolved both in time (t), using a spherically focused probe beam and a streak camera, and in wave number (k), using a cylindrically focused probe beam. 9, 10 Resolving the evolution of the frequency spectrum in time distinguishes between the electron waves and the ion-wave-related features that occur later in time. The (k)-resolved measurements, on the other hand, allow us to associate a wave number with each frequency and show the shift of (n 2 ,nk 2 ) associated with coupling with the fast wave. The time-resolved measurements have a time resolution of 20 ps and resolution of 0.1 p , while the k-resolved data has a resolution of 0.3 p /c in wave number and 0.3 p in frequency. Figure 4͑a͒ shows the time-resolved spectrum around k 1 when a single-wavelength ͑10.59 m͒ laser beam is fired into the plasma. A feature characteristic of strongly driven 7 SRS at p is clearly seen and lasts for 40 ps FWHM before evolving into a Compton spectrum.
11 Figure 4͑b͒ shows the time-resolved spectrum around k 2 when a two-frequency laser is fired into the resonant density plasma and excites the fast wave. The signal at p is the fast wave and that at 2 p is the second harmonic of the fast wave at wave number 2k p . The ratio of the two signals and their absolute levels indicate a peak fast wave amplitude of Ϸ20%.
9 Figure 4͑c͒ shows the time-resolved frequency spectrum around k 1 ͑slow waves͒ when a dual frequency laser beam is fired into the plasma. In addition to the SRS modes from both lines appearing near p , one now sees a series of modes at 1 ϩn 2 where Ϫ4рnр2. The mode near zero frequency appears weak because of the 10ϫ attenuator placed over the frequency range of Ϫ0.5 p to 1.5 p . It is slightly below zero frequency, which is marked by the long tail of SBS extending beyond 500 ps, indicating that the Raman backscatter frequency 1 is slightly below the fast wave frequency 2 . This may be caused by Raman wave breaking 11 or growth of Raman before full tunneling ionization of the plasma has been obtained. The coupled modes appear somewhat broad because the Raman is in the strongly driven regime. 7 The coupled modes typically last for 40-75 ps FWHM, as evidenced by the feature at ϭ3 p , in good agreement with the lifetime of the k 1 mode at ϭ p and that of the k 2 mode shown in Fig. 4͑b͒ . The peaks of the coupled modes occur after that of the Raman mode at p , indicating an increasing amplitude of the fast wave, as shown in the simulations and Lagrangian model. The limited time resolution of the streak camera and inability to time resolve the fast and slow wave amplitudes simultaneously makes any quantitative comparison between theory and experiment difficult. There is a narrow well-defined feature at p labeled as CPOM ͑counter-propagating optical mixing͒, which extends out to 350 ps from the broad primary k 1 Raman mode. This is probably either a result of counterpropagating optical mixing or quasiresonant electron/ion wave coupling. 2 That the coupled modes are indeed discrete in k space can be seen in the (k) spectrum of the slow waves shown in Fig. 4͑d͒ . Here, the two primary modes due to Raman can be clearly seen near p and separated by 2k 2 as expected. The Raman mode due to 10.59 m in this particular example extends to frequencies somewhat below p . This is believed to be due to wave breaking of the oscillation and its evolution into Compton scattering. 11 This downshifting is also evident in the time-resolved spectrum of the single frequency Raman shown in Fig. 4͑a͒ . Coupled modes at near zerofrequency shift are not seen because they are under a mask that blocks the stray light. The fact that the Raman features are well defined in and k and not overshadowed by a Compton spectrum is a strong indication that the Raman and Compton instabilities are being quenched by the fast wave. A typical plot of (k) when the laser is fired single frequency is shown in Fig. 5͑a͒ . In this case no fast wave is driven and the Raman wave grows and wave breaks into Compton quickly, as there are no quenching effects. As the Compton, although weak, lasts longer than the Raman, the (k) diagram is dominated by the broad Compton spectrum. The Compton spectra is often ͑but not always͒ missing when the laser is fired two frequency, presumably quenched by the fast wave.
Another interesting case is shown in Fig. 5͑b͒ , where the laser intensity on the 1b line is much stronger than the 1a line. In this case, the Raman wave grows primarily at k 1b and is able to wave break and survive as Compton because of a relatively small-amplitude fast wave. This plot shows two important results. First, it shows that a fast wave is able to generate sidebands even on incoherent plasma oscillations such as Compton, a domain not accessible by the Lagrangian theory. Second, and perhaps more important, it shows that plasma waves oscillating at the same frequency but with FIG. 4 . Experimental results: ͑a͒ Time-resolved slow wave ͑Raman͒ spectrum, single-frequency laser; ͑b͒ time-resolved fast wave spectrum, twofrequency laser; ͑c͒ time-resolved slow wave spectrum, two-frequency laser; ͑d͒ coupled slow wave spectrum (,k) resolved, two-frequency laser. Dotted lines connect circled Raman modes coupled by fast wave.
FIG. 5. Experimental results:
͑a͒ slow wave spectrum ͑Raman/Compton͒, (,k) resolved, single-frequency laser; ͑b͒ slow wave spectrum ͑Raman/ Compton͒, (,k) resolved, two-frequency laser. Arrows point to regions where Compton spectra would be expected but is missing. similar but different wave numbers have difficulty coexisting. Regions where one would expect to see waves if not for this effect have been pointed out on the plot. This is also a possible explanation for the wave in Fig. 4͑d͒ at ( 1b ,k 1b ) being shifted slightly in frequency relative to the wave at ( 1b ,k 1b ).
VI. CONCLUSIONS
In conclusion, the coupling between electron plasma waves having similar frequencies but greatly differing in wave number has been documented in laser-plasma experiments and explained via a Lagrangian model. This process couples energy from the large wave number, low phase velocity plasma wave ( 1 ,k 1 ) to a manifold of waves at ( 1 Ϯn 2 ,k 1 Ϯnk 2 ) without significantly affecting the small wave number, high phase velocity plasma wave ( 2 ,k 2 ) as shown by a Lagrangian fluid description and verified using PIC simulations.
